The kinetics of ascorbic acid (AA) degradation in a fruit-based beikost product added with AA were determined after storage at 4, 25, 37 and 50°C during 4, 8, 12, 16 and 32 weeks in plastic polypropylene/ethylene-vinyl alcohol vacuum packaging. It was confirmed that AA degradation followed an Arrhenius first-order kinetics, with an activation energy of 20.11 ± 0.33 kcal mol
Introduction
Together with human milk or infant formulas, infants from 4 to 6 months of age onwards receive complementary feeding (beikost) to satisfy their nutritional demands (Agostoni et al., 2008) . In recent years there has been an increase in the consumption of beikost-related products produced at industrial scale. Specifically, in Spain during 2010, the sale of infant foods totaled about 29.5 million kilograms. Of this total, the products most demanded by consumers have been of a fruit-based nature, accounting for 41.8% of the total infant food sales. These kinds of products are usually acquired in hypermarkets and supermarkets, representing more than 85% of the total sales (Mercasa, 2011) .
Fruit-based infant foods, together with cereals, are the first foodstuffs introduced in the diet of the unweaned infant, contributing to cover the vitamin requirements, especially those of vitamin C. Ascorbic acid (AA) has multiple biochemical roles, though it primarily acts as a water-soluble antioxidant in the human body (Martí et al., 2009 ). The recommended dietary allowances for vitamin C are 40 or 50 mg/day in unweaned infants from 0 to 6 or 7 to 12 months of age, respectively (Food and Nutrition Board, 2010) . On the other hand, the maximum amount of added vitamin C allowed in fruitbased infant foods is 125 mg/100 kcal (Directive 2006/125/CE) .
To guarantee the quality of processing, storage, and the nutritional and organoleptic qualities of these products, use has been made of AA content as a control parameter (Canet Parreño, 1996; Polydera et al., 2005) . The degradation of AA in foods can take place via aerobic and/or anaerobic pathways, and depends on factors such as oxygen, heat, light, water activity, the presence of metallic ions such as Cu 2+ and Fe 3+ , temperature and storage time (Santos and Silva, 2008; Martí et al., 2009) . In this sense, in a model system of UV-treated apple juice, it has been reported that AA degradation increases in the pH range between 3.3 and 5.5, while an increase in glucose and sucrose contents exerts no effect (Tikekar et al., 2011) . In addition, it is well known that AA content declines during storage, especially in thermally treated foods, with the consequent formation of non-enzymatic browning compounds, which serve as indicators of organoleptic quality loss of the product (Uddin et al., 2002) .
The degradation of AA usually follows first-order kinetics, as reported in several studies: a mixed pasteurized orange-carrot juice stored for 6 weeks at 4°C or stored for 5 weeks at 10°C (Rodrigo et al., 2003) ; orange juice in polypropylene bottles or flexible pouches stored for 4 or 8 weeks at 0, 5, 10 and 15°C (Polydera et al., 2003) ; pasteurized fresh Navel orange juice stored at 0, 5, 10, 15 and 30°C (Polydera et al., 2005) ; citric juices made from concentrate stored for 8 weeks at 28, 37 and 45°C (Burdurlu et al., 2006) ; and non-pasteurized lemon juice stored for 12 weeks at 3°C and 27°C (Abbasi and Niakousari, 2007) . To our knowledge, the literature offers only one study addressing the kinetics of AA degradation in baby foods made from apple puree stored for 60 weeks at 23, 30 and 37°C (Palazón et al., 2009) , and this study likewise reported first-order AA degradation kinetics.
Considering the scarce information available on vitamin C degradation in fruit-based baby foods, and the growing interest in knowing the specific AA degradation kinetics with a view to establishing the corresponding time-temperature dependency and thus adapt the shelf-life of these products, the present study was designed to determine the AA degradation kinetics in a fruit-based baby food stored for 32 weeks at 4, 25, 37 and 50°C.
Materials and methods

Samples
A fruit-based beikost product with added AA containing pear fruit puree (22%), tangerine juice (22%), apple fruit puree (22%), banana fruit puree (16.5%), carrot puree (10%), grape juice from concentrate, corn starch and vitamin C (as stated on the label of the product) was manufactured by ALNUT, S.L., a new Spanish company on the baby food market.
Ingredients were mixed to homogenize the product and a heat treatment (above 85°C) was carried out to hot-filling. The products were packed in commercial 130 g plastic polypropylene/ethylenevinyl alcohol (PP/EVOH) vacuum packaging. Once packaged, they were pasteurized in an autoclave to a minimum of 6.3 f 0 to ensure microbiological stability throughout the shelf-life.
The samples were maintained in their original containers until analysis. The initial nutritional composition of the samples was analyzed, and their AA content was determined at baseline (time 0) and after 4, 8, 12, 16, and 32 weeks at 4, 25, 37 and 50°C. Measurements were carried out in triplicate in a pool of different samples of the same batch. The temperature was controlled with a Selecta Incubator (±1°C).
Methods
Nutritional composition
The nutritional composition was determined by the following procedures:
Moisture: Indirect method for drying (100°C ± 5°C) (Hardman, 1989) . Ashes: dry mineralization (450°C/24 h) (Ruiz et al., 1995 (AOAC, 2000) . Fat: Gravimetrically after extraction according to Folch et al. (1957) modified by Boselli et al. (2001) . Iron, zinc and sodium: Flame atomic absorption spectrophotometry upon white dry ashes and dissolution of the latter with hydrochloric acid (in the case of iron and zinc) or nitric acid (sodium) (Ruiz et al., 1995) .
Ascorbic acid determination
AA was determined as described by Official Method 967.21 (AOAC, 2000) , with minor changes. For each analysis, a weight of 2 g of the previously homogenized sample was placed in a 10 mL amber glass tube, followed by the addition of 4 mL of metaphosphoric acid-acetic acid solution [6 g of metaphosphoric acid (Chip ACS, Sigma-Aldrich, Steinheim, Germany) with 16 mL of glacial acetic acid (Merck, Darmstadt, Germany) and diluted to 200 mL with Millipore-MilliQ distilled-deionized water (freshly prepared)], and the mixture was homogenized during 2 min at 2500 rpm followed by a purge with a flow of N 2 . Then, the samples were titrated with indophenol standard solution [50 mg 2,6-dichloroindophenol sodium salt (Merck, Darmstadt, Germany) in 50 mL of distilled-deionized water to which 42 mg NaHCO 3 (Merck, Darmstadt, Germany) had been added and diluted to 200 mL with distilled-deionized water]. At the end point, excess unreduced dye is rose pink in acid solution. Indophenol standard solution was titrated rapidly with 1 mL AA standard solution [50 mg AA reference standard 99% purity (Panreac, Barcelona, Spain) diluted to 50 mL with metaphosphoric acid-acetic acid solution]. Blanks were analyzed in parallel.
The official method for AA determination was adapted to the sample. Sample weights were calculated to obtain around 40-60 mg of AA, testing with 2 and 4 g of sample. The volume (2, 4, 6 and 8 mL) of the extracting solution (metaphosphoric acid-acetic acid solution) was adapted to secure the maximum extraction of AA. Finally, the selected conditions comprised a volume of 4 mL for the extraction of 2 g of sample.
Products containing ferrous, stannous and cuprous compounds produce interferences in this method, resulting in overestimation of the AA contents. To determine these possible interferences, two drops of methylene blue (Panreac, Barcelona, Spain) were added to 2 g of sample with 4 mL of extracting solution. Disappearance of the methylene blue color in 5-10 s indicates the presence of interfering substances. The samples analyzed in this study showed no interferences.
Kinetics of ascorbic acid degradation
The order of a reaction in a kinetic model is a parameter that offers a mathematical description of time or concentration dependence. It is useful for predicting the behavior of a particular reaction in a food product, and therefore is suitable for modeling the shelf-life of a product. The best known models referred to shelf-life studies are zero-order reactions that represent a linear evolution (retention or degradation) of the parameter, and first-order reactions that represent an exponential evolution of the parameter (Labuza, 1982; Palazón et al., 2009 
where k = rate constant; A = pre-exponential factor; Ea = activation energy (kcal mol À1 ); R = gas constant (1.987 kcal mol À1 K À1 ); and T = absolute temperature (K).
By removing the exponential we have:
This equation indicates that a plot of ln k versus the reciprocal of absolute temperature yields a straight line, the slope of which is the activation energy divided by the gas constant R. Thus, by studying a reaction and measuring k at two or three temperatures, one can extrapolate with a straight line to a lower temperature and predict the rate of the reaction at the desired lower temperature (Labuza and Riboh, 1982) .
Statistical analysis
A two-way ANOVA was applied to the AA contents in order to detect differences due to the storage temperature (4, 25, 37 and 50°C) and storage period (0, 4, 8, 12, 16 and 32 weeks) . In addition, one-way ANOVA was also assessed to check the influence of temperatures on the retention of AA percentages. In all cases, data normality was assessed (data not shown). The post hoc LSD test was applied to identify differences that were set at p < 0.05. In order to afford a predictive model of AA as a function of storage time and temperature, a multiple regression test was applied. The Statgraphics (Centurion XV release 15.2.06; Rockville, MD, USA) statistical software package was used throughout.
Results and discussion
Nutritional composition
The results obtained referred to the nutritional composition of the fruit-based beikost product are shown in Table 1 .
Total protein content was 0.49 g/100 g. Since the sample is a fruit-based infant food not designated on the label as a meal, there is no regulated maximum protein content (Directive 2006/125/CE). The total carbohydrate contents (14.43 g/100 g) do not exceed the maximum amount allowed (25 g/100 g) in desserts or puddings for infants and young children as regulated by the same Directive. Regulations referred to individual carbohydrate contents are not present in the Directive. Likewise, fiber content is not regulated by the Directive, and there are no recommended daily allowance (RDA) specifications for unweaned infants. However, there probably are minimum non-digestible carbohydrate requirements in the first months of life derived from milk or complementary foods. Our sample contained 1.48 g/100 g of dietary fiber, which is adequate on the basis of the recommendations for a soluble and insoluble fiber intake of 5 g/day with the introduction of fruit, vegetables and cereals in the second semester (Ballabriga and Carrascosa, 2006) . Regarding minerals, the current Directive specifies that the end sodium content of the product should not exceed 200 mg/100 g. The concentration in our sample was 12.4 mg/ 100 g, which is far below this maximum limit. In the case of iron and zinc, the Directive only specifies Reference Values for Nutrition Labeling of 6 and 4 mg, respectively, which implies that the product supplies less than 5% and 2%, respectively, of each mineral per 100 g.
Ascorbic acid determination
The initial AA content, immediately after the manufacturing process, was 88.1 mg/100 g ( Table 2 ). These products supply between 43.1 and 45.4 mg/100 kcal, and are thus compliant with the maximum vitamin C limit applicable to fruit-based foods (125 mg/100 kcal, according to current legislation). The contents are within the intervals declared for marketed products of this kind.
Evolution of ascorbic acid content during storage
AA evolution during storage and its retention percentages are shown in Table 2 . Samples stored at 37°C and 50°C were not analyzed at the last sampling point (32 week) because they showed marked browning which interfered with the determination (data not shown), and clearly indicated a loss of organoleptic and commercial quality of the product. The randomness (Two-way ANOVA of residuals squared are: factor temperature p = 0.1092 and factor time p = 0.1424; since these values are p > 0.05, this means there are homogeneity of variances for a 95% level of significance) and normality (Chi-square test p = 0.102256 with a mean value of 2.74324 Â 10 À7 and a standard deviation of 1.13973; since p > 0.05 this means normality for a 95% level of significance) of the residues was checked previously to perform a two-way ANOVA to the AA contents in order to detect differences due to the storage temperature (4, 25, 37 and 50°C) and storage period (0, 4, 8, 12, 16 and 32 weeks). The application of two-way ANOVA (temperature and time storage) showed statistically significant differences (p < 0.05) in AA content for both factors, with a decrease in AA content in the sample, dependent upon storage time and temperature.
At the end of the storage, the values ranged from 5.6 mg/100 g (50°C) to 88.9 mg/100 g (4°C), which represents AA retention percentages of 6.4% and 100.9%, respectively. If there are some values of AA retention slightly higher than 100% at 4°C during the whole storage is due to the inter-day precision assays and not to the initial content, since the same sample was analyzed at different time periods and temperatures. In any case, the coefficients of variation found at 4°C in the whole study were low and comprised between 0.6% and 3.6%. No losses in AA during storage at 4°C were observed, thus indicating the stability of this compound at the usual refrigeration storage temperature ( Table 2 ). The degradation rate order being as follows: 50°C > 37°C > 25°C. These findings were also reflected by the percentage retention values, which were inversely related to storage temperature (63.3%, 36.1% and 6.4% at 25, 37 and 50°C, respectively) and decreased with the time (p < 0.05) as reflected by one-way ANOVA (Table 2) .
We observed great discrepancies when samples were stored at 4°C in our study (with no degradation of AA during the 32 weeks of storage) versus other results found in the literature at this same storage temperature. In this sense, Polydera et al. (2003) reported AA degradation of up to 50% in reconstituted orange juice after conventional thermal pasteurization (80°C, 30 s) when stored at 5°C during 5 weeks. Likewise, in another study, these same authors reported (Polydera et al., 2005) degradation up to 50% of the AA in pasteurized (80°C, 60 s) fresh Navel orange juice stored at 5°C during 8 weeks. These differences can be explained, at least in part, by the anaerobic atmosphere present in our samples, which were vacuum packaged, while no mention is made in this respect in the abovementioned studies. It is well-known that AA degradation via the anaerobic pathway is meaningless in foods (Martí et al., 2009) , what could explain the absence of AA degradation in our study at 4°C within this non-oxidative atmosphere. In addition, it has been reported that PP, used by Polydera et al. (2003 Polydera et al. ( , 2005 , while providing thermal and impact resistance, is a poor gas barrier (Robertson, 1993) -which could explain the significant reduction of AA in these studies. In contrast, samples in the present study were packaged with PP and EVOH, respectively providing Table 1 Analyzed nutritional composition of the fruit-based beikost (results are expressed as mean ± standard deviation, n = 3).
Parameter
(g/100 g) thermal and impact resistance, and a gas barrier effect. Other data in conflict with our results have been published by Abbasi and Niakousari (2007) , who reported an AA retention of 57% and 36% in non-pasteurized lemon juice stored at 4°C during 3 and 12 weeks, respectively. These authors described a rapid decrease in AA due to the oxidizing residual air layer trapped in the glass. At the usual temperatures found in food storage at sales points (25 and 37°C), differences with respect to previous studies are also found. Pasteurized orange juice showed an AA retention of 50% when stored for one week at 30°C (Polydera et al., 2005) , and similar percentage retentions of 53% and 36% were reported in lemon juice stored at 28°C during 3 and 12 weeks, respectively (Abbasi and Niakousari, 2007) , versus 92.5% and 82.8% in our study (25°C during 4 and 12 weeks, respectively). These differences can be explained by the non-oxidative atmosphere present in our samples, as indicated above. Similarly, Burdurlu et al. (2006) recorded AA percentage retentions of 54.5-83.7% and 23.6-27% for different citrus juice concentrates (orange, lemon, grapefruit and tangerine) stored during 8 weeks at 28 and 37°C, respectively. In our case, we recorded AA percentage retentions of 87.5% and 62.9% for samples stored during 8 weeks at 25 and 37°C, respectively. On the other hand, we observed less AA retention in our samples stored for 32 weeks at 25°C (63.3%) and 16 weeks at 37°C (36.1%) than with extrapolated AA retention values reported by Palazón et al. (2009) for a glass-jarred apple-based beikost stored for 32 weeks at 23°C (82.8%) and for 16 weeks at 37°C (59.7%). Although we do not have a plausible explanation for such differences in products of similar nature, differences in food matrix and in the packaging material could account for such discrepancies.
Finally, at forced storage temperatures (50°C), a slightly higher AA retention (24.9%) of our samples stored for 8 weeks at 50°C was found in comparison with AA retention values reported in different citrus juice concentrates stored for 8 weeks at 45°C (15.1-20%) (Burdurlu et al., 2006) .
Kinetics of ascorbic acid degradation
Estimates of rate constant (k) at each temperature (25, 37 and 50°C) and their standard errors are reported in Table 3 . The quality of model fits was assessed by the magnitude of the coefficients of determination (R 2 ) and by analysis of the residuals (randomness and normality were verified; Fig. 1 ). The first-order kinetics model is the one that best explains AA retention in our study, in agreement with different studies including fruit juices (Abbasi and Niakousari, 2007; Burdurlu et al., 2006; Polydera et al., 2003 Polydera et al., , 2005 Rodrigo et al., 2003) and, most important, with the study of Palazón et al. (2009) involving an apple fruit-based beikost product. Table 2 Ascorbic acid concentrations (mg/100 g) and percentage retention (%) during storage at different times and temperatures (results are expressed as mean ± standard deviation, n = 3).
Weeks 4°C The values recorded for k (weeks À1 ) obtained for the firstorder kinetics were 0.05415, 0.2199 and 0.7469 at 25, 37 and 50°C, respectively, thus confirming the temperature-dependent degradation of AA. Fig. 2 graphically represents Àln k versus the inverse of temperature, yielding a linear plot with a slope representing ÀEa/R. The obtained value of Ea was 20.11 ± 0.33 kcal mol À1 , which is in line with that reported in a homogenized apple-based beikost (Ea = 18.6 kcal mol À1 ) (Palazón et al., 2009) . Likewise, the activation energy value of our study agrees with those noted for different citrus juice concentrates, with values of 25.16, 18.37 and 18.94 kcal mol À1 for orange, grapefruit and tangerine, respectively (Burdurlu et al., 2006) . In contrast, our activation energy values is higher than the values found for pasteurized orange juices: 10.47 kcal mol À1 (Polydera et al., 2003) and 14.90 kcal mol À1 (Polydera et al., 2005) .
The most robust predictive model for AA as a function of time and temperature (R 2 = 0.8513) is shown in Fig. 3 and presents next equation: Vitamin C mg/100 g = 98.3-6.48 Â 10 À1 Â Temperature (°C) À 5.37 Â 10 À2 Â Temperature (°C) Â time (weeks). The negative sign in the variables temperature and time Â temperature indicates a decrease in AA content with increasing temperature (°C) and time (weeks). The observed versus predicted plots of AA, and the corresponding equation, explains a high percentage of variability found in the retention of AA. However, as observed in Fig. 3 , for samples in which there was no AA degradation with values ranging from >40 mg AA to 88 mg AA (values obtained at usual storage temperatures at home and/or sales points: 4, 25 and 37°C), this model is able to more accurately predict the values for AA.
Conclusions
The present study has contributed further data to the scarce background on the degradation kinetics of AA in fruit based-beikost products. It is important to emphasize that at the usual storage temperatures found in sales areas of products of this kind (25°C), more than 70% of the AA is preserved during the common product turn-over period (16 weeks). In addition, it should be mentioned that no more than 50% of the AA was degraded at the end of the shelf-life of the products (32 weeks). Furthermore, we confirmed that AA degradation follows first-order kinetics, in agreement with other studies using samples of similar nature. 
